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a b s t r a c t 
In this study, an original and green procedure of processing waste of the citrus fruits was developed 
using the concept of bio-reﬁnery, innovative techniques “ultrasound” and “micro-wave”, and a green sol- 
vent “limonene” to recover carotenoids. Essential oil extraction was performed by Solvent Free Microwave 
Extraction (SFME) and compared to steam distillation (SD). The essential oil yields were comparable for 
both processes: 4.02 ±0.23% for SFME and 4.16 ±0.05% for SD. After that, carotenoid extraction from cit- 
rus peels was performed by ultrasound-assisted extraction (UAE) and conventional extraction (CE) using 
d -limonene obtained starting from essential oil, as a solvent, and then compared to n-hexane extract. 
Response surface methodology (RSM) using central composite designs (CCD) approach was launched to 
investigate the inﬂuence of process variables on the ultrasound-assisted extraction (UAE). The statisti- 
cal analysis revealed that the optimized conditions of ultrasound power, temperature and time were 
208 W cm −2 , 20 °C and 5 min giving carotenoid content of 11.25 mg L −1 . Compared to the conventional ex- 
traction, (UAE) gave an increase of 40% in carotenoid content. The comparison to n-hexane extract gave 
no signiﬁcant changes in carotenoid content. Combination of microwave, ultrasound and d -limonene ob- 
tained from a bio-reﬁnery of a by-product of citrus fruits industry allow us to develop a very good envi- 
ronmental green approach giving high added values compounds, with a saving of time, and a complete 
valorisation of waste. 
© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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l  1. Introduction 
Carotenoids are pigments which present two or several units of
hydrocarbons. They are synthesized by the photosynthetic organ-
isms, certain no photosynthetic bacteria and mushrooms [1] . 
More than 600 carotenoids have been identiﬁed in nature and
about 40 are present in the human diet [2] and found in citrus
fruit peels such as oranges since 1937 by Zechmeister and Tuzson
[3] . 
Global orange production for 2013/14 according to USDTA is es-
timated as 51.8 million metric tons and 2.0 million metric tons
are used for orange juice production. Citrus processing engenders
high quantities of citrus by-product which account for about 50%
of their weight [4,5] . They are composed mainly of skins, pulp, and
seeds [6] . Regarding their composition, they represent a source of∗ Corresponding author. 
E-mail address: chahrazed.boutekedjiret@g.enp.edu.dz (C. Boutekedjiret). 
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2405-6537/© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. This is an ope
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) ssential oils ( d -limonene), sugars, pigments, fat, acids, insoluble
arbohydrates, enzymes, ﬂavonoids, pectin [7–10] . 
Valorisation of these by-products offers several beneﬁts: en-
ironmental protection, economic gains, and improvement of the
ives of the consumers thanks to the use of natural products. 
Citrus essential oil extracted from citrus by-product can be used
n several kinds of food, such as ﬂavoring ingredients in food or
harmaceuticals, essentially for its anti-inﬂammatory and antibac-
erial effects [11–14] . It is also used in the preparation of toilet
oaps, perfumes and cosmetics [15] . 
Citrus essential oils are generally characterized by its key com-
onent: d -limonene. This monoterpene hydrocarbon is present in
itrus essential oils, corresponding to more than 95% [16–18] . Com-
only used in fragrance and ﬂavor for years, it is used, over the
ast years, as cleaning/degreasing agent in industry and household
pplications [19] . 
Research of greener biodegradable and non-dangerous solvents
ave become a major concern for research academy and industry
onsidering the fact that n-hexane, one of the main constituents of
xtraction grade hexane, is sourced from fossil resources and reg-n access article under the CC BY-NC-ND license. 
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Table 1 
Relevant properties of d -limonene and some petrochemical solvents. 
Properties d -limonene n-hexane Toluene Dichloromethane 
Chemical structure CH3
Cl
Cl
Empirical formula C 10 H 16 C 6 H 14 C 6 H 5 CH 3 CH 2 Cl 2 
Molecular weight 136.23 86.18 92.14 84.93 
Boiling point ( °C) 175.5 69 111 39.8–40.0 
Heat of vaporization (kJ/kg) 353 334 351 28.6 
Density (g/mL) 0.8411 0.660 0.867 1.325 
Toxic No Yes Yes Yes 
Renewable Yes No No No 
Environmental impact Low High High High 
i  
a  
t  
b  
t
 
e  
F  
n  
e  
r  
c  
[  
s
 
a  
T  
a  
a
 
a  
q  
c  
p  
a  
m  
M  
t  
i  
v  
t  
t
O  
e  
r  
e
 
s  
s
 
i  
a  
o  
h
2
2
 
t  
t  
m  
m  
t
2
 
t  
f  
W  
b  
t  
t  
p
2
p
 
i  
2  
p  
s  
r  
o  
i  
s  
d  
c  
t  
o  
t  
a
 
a  
t  
d  
v  
e  
c
 
s  
v  
a  
d
2
 
ﬂ  
b  
t  stered under the REACH Regulation as a category 2 reprotoxic and
s a category 2 aquatic chronic toxic. Green solvents have to meet
he fundamental principles of Green Chemistry and in this context,
io-based derived chemicals such as limonene show a great poten-
ial [20] . 
Recent studies have proven that d -limonene, which is consid-
red as GRAS (Generally Recognized as Safe) solvent by the US
ood and Drug Administration, can be regarded as a valuable alter-
ative for traditional solvents used for extraction such as methyl
thyl ketone, acetone, toluene, glycol ethers, and numerous ﬂuo-
inated and chlorinated solvents, which emit polyaromatic hydro-
arbons (PAHs) or fumes from volatile organic compounds (VOCs)
21] . Relevant properties of d -limonene and some petrochemical
olvents are reported in Table 1 [22–24] . 
ß-carotene, with α-carotene, ß-cryptoxanthin, lycopene, lutein,
nd zeaxanthin are the main carotenoids found in citrus fruits [25] .
hey constitute an important source of vitamin A in many diets
nd may protect from development of degenerative diseases such
s macular degeneration, cancer, and heart disease [26] . 
Conventional bio active’s extraction techniques (e.g. macer-
tion and Soxhlet) are solvent and energy consuming. Conse-
uently, with the development of the Green Chemistry con-
ept, green engineering and the bio-reﬁnery concepts during the
ast few years, environmentally friendly techniques became more
nd more attractive. Therefore, the researchers have to imple-
ent the most eco-friendly and eﬃcient extraction processes.
any researches have been carried out such as the intensiﬁca-
ion of the conventional processes by adding pre-treatments to
mprove the yields and quality of the extracts [27,28] , or the de-
elopment of new extraction techniques. Microwave-assisted ex-
raction, ultrasound assisted extraction, supercritical ﬂuid extrac-
ion, electro-technologies, instantaneous controlled decompression, 
hmic heating-assisted hydro distillation, gas assisted mechanical
xpression, are the most famous innovative techniques developed
ecently. These technologies have largely proved their eﬃciency for
xtraction of natural products [29–35] 
In addition to the development of the extraction processes, the
earch for renewable alternative solvents to replace petrochemical
olvents is of topicality [20] . 
In this paper a combination of a bio-reﬁnery concept with an
nnovative green processes integrating microwaves and ultrasounds
ssisted extraction was investigated for carotenoid extraction from
range peels using d -limonene as an alternative bio-solvent to n-
exane. 
. Materials and methods 
.1. Plant material 
Orange ( Citrus cinensis L.osbeck) peels were collected locally af-
er juice extraction. The initial moisture content of orange peel for
he essential oil extraction and carotenoids extraction was deter-ined using the moisture analyzer apparatus Kern DBS 60-3. The
easured moisture content was 59.0 ±0.3% and 5.9 ±0.1% respec-
ively. 
.2. Protocol treatment 
Orange peels obtained after juice extraction were subjected
o an essential oil extraction which was carried out by solvent
ree microwave extraction (SFME) and steam distillation (SD).
hereas carotenoid extraction from orange peels was performed
y ultrasound-assisted extraction (UAE), and conventional extrac-
ion (CE), using d -limonene and n-hexane as a solvent. Solvent ex-
racts were then analyzed by spectrophotometry. The performed
rotocol is shown in Fig. 1 . 
.3. Solvent free microwave extraction (SFME) apparatus and 
rocedure 
The SFME extraction was performed at atmospheric pressure
n a microwave oven with adjustable output power varying from
0 0 W to 70 0 W and 2450 KHz working frequency ( Fig. 2 ). The
rinciple and apparatus of this process are described in previous
tudies [36,37] . For each experiment, 500 g of fresh plant mate-
ial was heated using a ﬁxed power without adding any solvent
r water. The applied microwaves heat the vegetable matrix caus-
ng the evaporation of interstitial water and the release of the es-
ential oil. The mixture essential oil - vapor is continuously con-
ensed in a cooling system outside the microwave cavity and re-
overed in a Clevenger receiving. Condensed water was reﬂuxed to
he extraction vessel in order to maintain uniform humidity rate
f the plant. The extraction was performed until no more essen-
ial oil was obtained. Essential oil was collected then dried under
nhydrous sodium sulfate and stored at 4 °C. 
The studied extraction parameters are the microwave power
nd the extraction time. Microwave power and temperature are in-
errelated. It is known that the temperature is controlled by inci-
ent microwave power that controls the amount of energy pro-
ided to the matrix, which is turned into heat energy [38] . How-
ver, for this study we were interested in the inﬂuence of the mi-
rowave power on the oil yield and the kinetics of extraction. 
The optimal microwave power was determined by a parametric
tudy in which 500 g of fresh plant material was heated with a
ariable output power (20 0, 30 0, 40 0, 50 0, and 70 0 W) without
ny addition of solvent or water. The optimal extraction time was
etermined by a kinetic study. 
.4. Steam distillation (SD) apparatus and procedure 
Vapour ﬂow is a signiﬁcant parameter in SD process; a high
ow can involve the creation of a by-pass, what reduces contact
etween the vapour and the plant and thus decreasing the essen-
ial oil yield. A low ﬂow would be insuﬃcient to extract the to-
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Fig. 1. Protocol treatment of orange peels. 
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A  tality of essential oil. Thus, it is necessary to determine the value
of the steam ﬂow which makes it possible to obtain the best es-
sential oil yield. For this reason, several ﬂow rates (8, 12, 14, 16
and 18 g min −1 ) were tested. For each experiment, 500 g of fresh
plant material was used. The vapor produced by the steam gener-
ator, charged with essential oil, crosses the plant and then passes
through the condenser to a receiving Florentine ﬂask. Essential oil
is collected then dried with anhydrous sodium sulfate and stored
at 4 °C. Optimal extraction time was also determined by the kinetic
study of the process. 
For a rigorous comparison between SFME and SD processes, the
same glassware has been used. The tests were performed using
500 g of fresh plant material and an optimal microwave power of
500 W for SFME, and an optimal steam ﬂow of 16 g min −1 for SD,
previously determined by a preliminary study. 
2.5. Ultrasound assisted extraction (UAE) 
Ultrasound-assisted extractions (UAE) of carotenoid were per-
formed with an ultrasonic homogenizer UP 200 Ht (Hielscher, Con-
tes, France) working at a frequency of 26 kHz and a maximum out-
put power of 200 W. The diameter of the horn used in all exper-
iments was 7 mm. The tests were carried out at ambient temper-
ature and atmospheric pressure while the extraction temperature
was controlled using the double layered mantle by cooling/heating
systems ( Fig. 3 ). 
The real ultrasounds power, taking into account the power frac-
tion, converted to heat dissipated in the medium was evaluated
by calorimetric measurements and expressed as ultrasonic inten-
sity (UI) [39] . 
2.6. Extraction procedure of carotenoid 
Carotenoid extraction was performed by ultrasound-assisted ex-
traction (UAE) and conventional extraction (CE) using d -limonene
as a solvent, and then compared to n-hexane extract. First, a parametric study of UAE was done to determine the
alue of the solid/solvent ratio and the ﬁeld of variation of the
ltrasound intensity. The values investigated for solid/solvent ra-
io are 1:10 and 2:10 g mL −1 . The ultrasonic intensity varies from
2 to 208 W cm −². After that, UAE optimisation by response sur-
ace methodology (RSM) was launched to investigate the inﬂuence
f the operating variables, namely temperature, ultrasonic inten-
ity and extraction time. The impact of the ultrasounds on the
arotenoid extraction was evaluated by a comparative study be-
ween CE and UAE. For that reason, CE was performed using the
ptimum values of temperature and extraction time obtained by
SM study, and the optimum solid/solvent ratio obtained by a
arametric study. The particle size previously determined by a pre-
iminary study was ﬁxed at 2 cm 2 for all tests [9] . 
.7. Experimental design 
In order to measure UAE performance of carotenoid content, a
esponse surface methodology (RSM) was conducted. Central Com-
osite Design (CCD) was used to achieve maximal information
bout the process from a minimum number of possible experi-
ents. The multivariate study allows the identiﬁcation of inter-
ction between variables and provides a complete exploration of
he experimental studied ﬁeld. In this study, a Central composite
ace-centered (CCF) experimental design to determine the optimal
onditions was used to optimize the process with three levels ( −1,
 and + 1) for each factor. In this design, the star points are at
he center of each face of the factorial space, thus ±α = ±1. Op-
rational parameters investigated are temperature T ( °C) (A), ul-
rasonic intensity UI (W cm −2 ) (B) and time t (min) (C) . The limit
alues of the ultrasonic intensity were chosen as function of the
esults of parametric study. Temperature was ﬁxed between 20 °C
nd 50 °C in order to check a possible degradation of carotenoid.
ime extraction was ﬁxed between 5 min and 35 min. The coded
evels and the natural values of the factors are shown in Table 2 .
 total of 18 different combinations including four replicates of
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Table 2 
Central composite design with their observed response. 
Run Coded variables Decoded variables Response 
A B C Temperature ( °C) UI a (W cm −2 ) Time (min) Carotenoid content (mg L −1 ) 
1 + 1 −1 −1 50 52 5 3.10 
2 0 0 −1 35 130 5 6.10 
3 0 −1 0 35 52 20 5.05 
4 + 1 + 1 + 1 50 208 35 6.25 
5 −1 −1 −1 20 52 5 2.65 
6 0 0 + 1 35 130 35 8.25 
7 −1 + 1 + 1 20 208 35 6.50 
8 0 0 0 35 130 20 9.20 
9 −1 0 0 20 130 20 7.20 
10 + 1 + 1 −1 50 208 5 9.20 
11 0 0 0 35 130 20 9.10 
12 0 + 1 0 35 208 20 10.70 
13 + 1 0 0 50 130 20 6.30 
14 0 0 0 35 130 20 9.15 
15 −1 + 1 −1 20 208 5 11.25 
16 0 0 0 35 130 20 9.00 
17 + 1 −1 + 1 50 52 35 4.35 
18 −1 −1 + 1 20 52 35 3.00 
a UI: ultrasonic intensity. 
Fig. 2. Solvent Free Microwave Extraction (SFME) apparatus. 
Fig. 3. Ultrasound apparatus. 
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Fig. 4. Yield proﬁles as a function of power for SFME extraction of essential oil from orange peels. 
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t  center point, each designated by the coded value 0, were chosen
in random order according to a CCF conﬁguration for three fac-
tors. The selected optimisation parameter was carotenoid content
(Y carotenoid ) expressed as mg ß-carotene L 
−1 . The experimental de-
sign was constructed and the experimental results were processed
by using the software STATGRAPHICS PLUS (Version 5.1, Statistical
Graphics Corporation, Rockville, USA, 20 0 0). For all tests, a solid-
liquid ratio was ﬁxed at 1/10, value determined by a parametric
study. 
2.8. Carotenoids determination 
Carotenoid content was determined by a Spectrophotometric
method. After extraction, samples were ﬁltered and the absorbance
was measured at 450 nm against a blank prepared from particular
solvent ( d -limonene and n-hexane). Carotenoid concentration was
then obtained by the beer lambert law using a calibration curve
prepared using ß-carotene standard. Carotenoid content was then
expressed as mg of ß-carotene L −1 [40] . 
3. Results 
3.1. Essential oil extraction 
3.1.1. Parametric study of SFME essential oil extraction 
Because of the complexity of the vegetable matter, an appro-
priate microwave irradiation power is important in order to make
sure that the complete essential oil was collected without incur
alteration or destruction. Indeed, low powers do not allow recov-
ering the totality of essential oil, whereas high power can cause a
degradation of thermo labile compounds, what results in a reduc-
tion in yield, and also it can destroy the vegetable matter caused
by a high localized heating [38] . The results of the parametric study of orange peels essential oil
xtraction by SFME ( Fig. 4 ) showed that the extraction yield is ap-
roximately the same for all power ratings. The difference lies only
n time necessary to recover the totality of essential oil. Fig. 5 il-
ustrates the evolution of the total extraction time according to the
icrowaves power. Also, it does show that the extraction time de-
reases according to the increase in the microwaves power and
tabilizes at around 22 min for a power of 500 W. Thus, for the
ow powers, time necessary to heat the vegetable matter and to
ause the bursting of the essential oil sites is more signiﬁcant. For
he higher powers, heating of the vegetable matter requires shorter
ime. Consequently, the extraction is carried out more quickly. 
.1.2. Comparative study between SFME and SD essential extraction 
Essential oil yields obtained by SFME and SD processes are
omparable: 4.02 ±0.23% for SFME against 4.16 ±0.05% for SD. A
ifference is observed only in the extraction time. Indeed, steam
istillation known as the most common method of essential oil
roduction takes 240 min to recover all essential oil, whereas
2 min are enough with SFME process. Therefore, SFME process is
en times faster than conventional SD which offers a gain of time
f more than 91%. This reduction of time is due to the mass and
eat transfer which occurs from inside the plant cell to the outside,
hile these two transport phenomena are in the opposite direction
n conventional process [38] . A synergistic combination of the mass
nd heat transfer gradients working in the same direction in SFME
rocess makes the temperature increase in shorter time due to the
olumetric heating effect depending on the microwave power, the
hing that results in a reduction of the extraction time [38] . This
dvantage, in terms of reducing time, was also reported by other
tudies such as Filly et al. [41] , for extraction of essential oil from
romatic herbs (30 min with SFME vs 120 min with hydrodistilla-
ion (HD)), Xiao-Lin Qi et al. for extraction of essential oil from
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Fig. 5. Evolution of the extraction time by SFME as a function of microwaves power. 
p  
S  
d  
h  
M
 
f  
c  
a  
t  
S  
i  
f  
a  
e  
3  
r  
r  
o  
i  
r  
T  
r
3
 
a  
c  
v
3
 
f  
s  
a
 
c  
T  
t  
c  
i  
t  
b  
a  
i  
c  
a  
m  
o  
u
 
n  
T  
n  
w  
f
3
 
c  
(  
o  
b  
t  
v  
o  
t  
t  
b  
t  
[
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sigeon pea leaves (44 min with SFME vs 300 min with HD) [42] ,
ahraoui et al. for essential oil extraction using microwave steam
istillation (MSD)), have seen the extraction time switches from 3
ours for SD to 6 min for MSD for Citrus essential oil, and 6 min for
SD vs 40 min for SD for lavender essential oil extraction [17,43] . 
As we can see in Fig. 6 , the extraction kinetics of essential oil
or both SFME and SD processes has the same extraction proﬁle
haracterized by three distinct phases. However, extraction speeds
re different and depend on the process used. Step 0 representing
he heating phase from room temperature to 100 °C, is faster for
FME with only 4 min against 40 min for SD. The ﬁrst step (Step 1)
n which 63.68% of essential oil is recovered for SFME and 61.53%
or SD is represented by a rapid increase in the yield which char-
cterizes the extraction of the oil located at the surface of veg-
table particles. This phase was achieved in only 4 min for SFME vs
7 min for SD. Step 2 is characterized by a second increasing line
ealised into 14 min for SFME and 163 min for SD. This phase cor-
esponds to the intern diffusion of the essential oil from the midst
f the particles towards the external medium involved by the heat-
ng of the interstitial water of the plant. The oil amount extracted
epresents 36.32% for SFME and 38.46% for SD of the global yield.
he end of the extraction process marked by a horizontal line cor-
esponds to Step 3. 
.2. Carotenoid extraction 
Based on the bio-reﬁnery concept, limonene obtained from or-
nge peels essential oil was used as an alternative solvent for
arotenoid extraction to replace n-hexane witch is petroleum sol-
ent. 
.2.1. Effect of ultrasonic intensity on carotenoid content 
In order to determine the effect of ultrasonic intensity applied
or the carotenoid extraction, different values of ultrasonic inten-
ity ranged from 52 to 208 W cm −² were investigated. The results
re shown in Fig. 7 . 
We notice an increase of carotenoid concentration with the in-
reasing of the ultrasonic intensity ranging from 52 to 195 W cm −².
his rapid increase is due the cavitation phenomenon induced byhe physical processes created by ultrasound. This phenomenon
reates, enlarges and implodes micro bubbles of gases dissolved
n the liquid by the compression and decompression of molecules
hat constitute the medium [44] . The collapse of the cavitation
ubble induce a transitory hot spot with elevated localized temper-
ture and pressure, which can accelerate dramatically the chem-
cal reactivity into the medium [44] . The energy transferred for
avitation phenomenon increases with an increasing in electrical
coustic intensity, which facilitate the disruption of cell wall of the
atrix and accelerate the extraction process. The same data were
bserved by several authors for the extraction of carotenoid using
ltrasound [2,45–47] . 
When the ultrasound intensity is higher than 195 W cm −², we
otice a dramatic decrease of about 40% in carotenoid content.
his phenomenon could be explained by the formation of a greater
umber of cavitation which hampers the propagation of shock
aves. The bubbles may coalesce to form bigger ones and implode
aintly which can cause the reduction of cavitation effect [45,47] . 
.2.2. Effect of solid/solvent ratio 
The study of the impact of the solid/solvent ratio on the
arotenoid content, prove that for the tested values (1:10 and 2:10
g mL −1 )), the solid/solvent ratio does not have a particular impact
n the extraction yield (23 and 24 mg L −1 , respectively), probably
ecause of the saturation of solvent. Li et al. found in the extrac-
ion of ß-carotene from carrots using sun ﬂower oil as green sol-
ent that the concentration of ß-carotene tripled as the carrot to
il ratio increased from 1:10 to 2:10 and was limited when the ra-
io rose up to 3:10 [40] . Conversely, Sun et al. reported that the ex-
raction yield of the all-trans-ß-carotene from citrus peels obtained
y UAE increased as the solid/solvent ratio did increase from 1:30
o 3:30, and decreased when the ratio increased from 3:30 to 5:30
47] . 
The difference observed between our results and those reported
n the literature may be due to the nature of solvents used and the
olubility of the carotenoid in these solvents. The value of 1/10 was
elected for all the tests. 
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Fig. 6. Comparison between SFME (a) and SD (b) extraction of essential oil from orange peels. 
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Y3.2.3. Statistical analysis for UAE extraction of carotenoid 
The coded and decoded (natural) values of independent vari-
ables and carotenoid yields obtained for different trials of the ex-
perimental design protocol are shown in Table 2 . These results
were analyzed statistically through Statgraphics software in order
to obtain the optimal UAE parameters. 
The statistical signiﬁcance of the factors’ effects (linear,
quadratic and interactions between variables) on UAE of carotenoid
from citrus peels was determined by p-value and illustrated by the
standardized Pareto Chart diagram ( Fig. 8 ). 
Positive and negative effects of the factors in the response vari-
ables are represented by horizontal bars and the vertical line tests
the signiﬁcance of the effects at the 95% conﬁdence level. Theareto Chart diagram revealed four signiﬁcant effects. Linear effect
f ultrasonic intensity (UI) is the most affecting factor, followed
y the cross product term (T.time) and (UI.T.time), and ﬁnally the
uadratic effect of temperature (TT). 
The quantitative effects of process variables and their interac-
ions on the measured response can be described by a mathemati-
al relationship obtained with statistical software Statgraphics. This
athematical correlation link the response studied (carotenoid
ield) and key variables in the model and described by the poly-
omial equation as follows: 
 Carotenoids = −0 . 9705 + 0 . 0502 T + 0 . 0099 IU + 0 . 0280 t 
−0 . 0 0 06 T 2 − 0 . 0 0 01T IU − 0 . 0 0 01 T t 
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Fig. 7. Effect of Ultrasonic Intensity on carotenoid content. 
Fig. 8. Standardized Pareto Chart for carotenoid content. 
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ANOVA gave a coeﬃcient of determination (R 2 ) of 95.69%, for
arotenoid determination, and an adjusted coeﬃcient of determi-
ation ( R 2 
adj 
) of 89.53%, which indicate a close agreement between
xperiment and predictive values. 
Taking into account only a signiﬁcant inﬂuence of the parame-
ers one can assume that: 
 Carotenoids = −0 . 9705 + 0 . 0099 IU − 0 . 0006 T 2 − 0 . 0001 T t 
+0 . 0 0 0 0 04 T IU t . 
The surface plots obtained for carotenoid content as a func-
ion of temperature, ultrasonic intensity and time illustrated in Fig. 9 ), showed that the optimum values for the three parame-
ers for carotenoid maximization were 208 W cm −² for the ultra-
onic intensity, 20 °C for temperature and 5 min for the sonication
ime, giving the highest carotenoid yield of 11.31 mg L −1 . 
The experimental conditions obtained a closer optimum values
run 15: 20 °C, 208 W cm −² and 5 min, Y Carotenoids = 11.25 mg L −1 ,
ee Table 1 ), we notice that the values predicted by the model and
he experimental values are very close. 
.2.4. Comparison between UAE and CE of carotenoid 
In order to evaluate the impact of ultrasound-assisted on
he extraction of carotenoid using limonene as green solvent,
 comparison study was carried out between ultrasound and
onventional extractions in optimized conditions obtained from
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Fig. 9. Response Surface Plots for carotenoid content depending on the tempera- 
ture, the ultrasonic intensity and time. 
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Fig. 10. Comparison between conventional (CE) he response surface methodology but without using ultrasounds
T = 20 °C, t = 5 min). 
Comparison of kinetic of UAE and CE extraction presented
n Fig. 10 shows a clear improvement of UAE extraction rep-
esenting by an increase from 4.17 mg L −1 for CE to 6.9 mg L −1 
or UAE which represents an augmentation of 40%. This intensi-
cation is due to the propagation of ultrasound pressure waves
hrough the solvent which causes cavitation phenomenon. The im-
losion of cavitation bubbles generates micro-turbulence, high-
elocity inter-particle collisions and perturbation in micro-porous
articles of the matrix which accelerates the eddy diffusion and
nternal diffusion [48] . The same observations were reported by
un et al. for extraction of all-trans-ß-carotene from citrus peels
ho show the yield triplicate in 20 min extraction using ultra-
ound and dichloromethane as extraction solvent [47] . Xu et al.,
oticed that the yield doubled using ultrasound in 15 min extrac-
ion for the extraction of all-trans-lycopene from red grapefruit
46] . 
.2.5. Comparison between limonene and hexane as solvent for UAE 
nd CE 
To sum up, an ideal alternative solvent should not be emitting
OC, be of low toxicity for humans, have a limited impact on envi-
onment (be eco-friendly), be obtained from renewable resources,
ave a high solvation power, be easy to recover, and not signiﬁ-
antly change a process set up [20] . On the basis of these crite-
ia and in order to prove the effectiveness of limonene as green
olvent for the extraction of carotenoids, results were compared
o a control using hexane as solvent extraction. As we can see
n Fig. 11 , the carotenoid content is practically the same for both
olvent which indicate that limonene can easily use as a valuable
eplacement for traditional solvents in the extraction of bioactive
ompound. Numerous studies were done in this ﬁeld like Virot
t al., described a green and original alternative procedure for fats
nd oils determination in oleaginous seeds using d -limonene as
xtracting solvent, and compared to n-hexane extraction. No signif-
cant difference was noticed between both extracts which indicates
hat the use of d -limonene as green solvent instead of n-hexane
s effective and valuable. On the other hand, recycling of solvents
sed shows that n-hexane allows the recovery of only 50% of sol-
ent against 90% for the d -limonene [49] . and ultrasound assisted extraction (UAE). 
M. Boukroufa et al. / Resource-Eﬃcient Technologies 3 (2017) 252–262 261 
Fig. 11. Comparison between d -limonene and n-hexane as solvent extraction for conventional (CE) and ultrasound assisted extraction (UAE). 
 
e  
s
4
 
l  
f  
o  
p  
a  
i  
b  
p  
t  
y  
a  
o  
t  
v  
u
R
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[  
 
[  
[  
 
 
 
[  
[  
 
 
 
[  
 
 The same observations were noticed by Chemat-Djenni et al. for
xtraction of lycopene with a green method using d -limonene as a
ubstitute for dichloromethane [50] . 
. Conclusion 
In this study a combination of microwave, ultrasound and d -
imonene obtained from a bio-reﬁnery of a by-product of citrus
ruits industry was investigated for the extraction of carotenoids
f orange peels. The results showed that d -limonene, a main com-
ound of orange peels essential oil can be developed by its use
s a bio-solvent for the extraction of carotenoids that are of great
mportance for food industry. d -limonene gave results compara-
le with those obtained with n-hexane, which enables it to be a
otential alternative solvent. Moreover, the application of the ul-
rasounds made it possible to increase signiﬁcantly the carotenoid
ields. This procedure constitutes a very good environmental green
pproach, and allows a saving of time, and a complete valorisation
f waste. Indeed, SFME process is ten times faster than conven-
ional SD which offers a gain of time of more than 91%. UAE pro-
ides an increase of 40% in carotenoid yield; and 90% of limonene
sed for carotenoid extraction were recycled. 
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